1. Introduction {#s0005}
===============

Historically, the inception of theranostics dates from 1940, when radioactive iodine was employed for the imaging and management of thyroid cancers. In 1998, John Funkhouser coined the term "theranostics" in a press release during which he described a material which allowed jointly disease diagnosis, treatment and monitoring ([@bb0200]). Since then, the advances in molecular understanding of disease mechanisms and molecular imaging have been fostering theranostics that now integrates molecular targeting vectors and nanoplatform technologies for diagnosis and therapy ([@bb0255]). As such, it could be argued that theranostics facilitates predictive, preventive, personalized and participatory medicine ([@bb0040]), with obvious advantages in cost-effectiveness and quality of clinical care. Such aspects are pertinent to complex disease and/or clinical phenotypes, such as cancer.

Urothelial cancer is the sixth most common cancer in the USA with an estimation of 16,000 deaths and 74,000 new cases per year ([@bb0165]). In Europe, approximately 151,297 new cases of urothelial cancer were diagnosed in 2012, with an age-standardized incidence rate (per 100,000 persons) of 3.5 for females and 17.7 for males. The annual crude incidence rate is 20.4/100000, while in 2012, the annual crude mortality rate was 7.1/100,000. Most cases present with non-invasive disease, but about one third of these patients will progress to muscle-invasive disease, while 30% exhibit muscle invasion with or without metastases upon diagnosis ([@bb0165]; [@bb0015]). Radical cystectomy (RC) with pelvic lymph node dissection (LND) is the treatment of choice ([@bb0020]). Cisplatin-based chemotherapy is the cornerstone of systemic therapy for urothelial cancer ([@bb0010]). Neoadjuvant chemotherapy has long been a standard for muscle-invasive urothelial cancer, although it is very underutilized ([@bb0105]). For patients who do not undergo neoadjuvant chemotherapy, adjuvant chemotherapy may be considered in cases of high-risk for relapse after RC ([@bb0100]). Radiosensitizing systemic chemotherapy is also a critical component of bladder- preserving approaches where radiotherapy is the main treatment modality ([@bb0210]). Finally, cisplatin-based combination chemotherapy has been the treatment of choice in inoperable or metastatic disease, with long-term survival reported in about 20% of patients ([@bb0245]).

In spite of considerable improvements in outcomes during the last 40 years, there are still important unmet needs in urothelial cancer management, both in terms of efficacy and cure, but also in issues affecting the quality of life, especially in therapies for localized disease. For example, RC radical cystectomy, needs urinary diversion ([@bb0065]) and may cause erectile impotence and infertility, whereas widely accepted criteria for optimal patient selection for bladder preservation strategies are still lacking. The advent of modern immunotherapy, which inhibits the interaction between the programmed-death 1 (PD-1) receptor on T-lymphocytes involved in tumor immunesurveillance and its ligand PD-ligand 1 (PD-L1) has created promising therapies for bladder cancer ([@bb0030]). The emergence of targeted therapies has renewed the interest in individualizing treatment in urothelial cancer by identifying biologically relevant molecular factors, which could aim patients\' selection for specific agents.

An extensive list of key molecules, implicated in cell proliferation and apoptosis, cell cycle regulation, cell adhesion, hypoxia, and angiogenesis may serve as candidate predictive and/or prognostic biomarkers in urothelial cancer ([@bb0005]). Furthermore, recent advances in tumor genome analysis have revolutionized our understanding of tumors\' distinct biology and will probably lead to a molecularly-driven subtyping of this disease ([@bb0055]). Herein, we aim to (i) review the current knowledge on molecular theranostics in urothelial cancer, following up on pharmacogenomics, metabolomics, proteomics and/or peptidomics data, (ii) analyze in detail those findings related to the most studied of them as well as their current clinical applications and (iii) exploit this information to design new or better diagnostic and therapeutic strategies for urothelial cancer especially in the era of precision medicine.

2. Precision Medicine in Urothelial Cancer {#s0010}
==========================================

The last decade witnessed an intense effort toward precision medicine of human malignant neoplasms. This trend has been recently followed in urothelial cancer, too. Only in 2015, 747 clinical studies ([@bb0235]) investigated the possible role of omics and multi-omics strategies, such as pharmacogenomics ([@bb0190]), metabolomics ([@bb0370]), proteomics or peptidomics ([@bb0070]) in personalizing treatment in urothelial cancer. In such a big data era, in which the issue of single data interpretation arises, theranostics is anticipated to expedite cost-effective tailored-made disease management and patient stratification in urothelial cancer. Several molecules have been studied so far for their potential in contributing to precision medicine in urothelial cancer patients ([Table 1](#t0005){ref-type="table"}). We are analyzing in detail the data related to the most studied of them as well as their current clinical applications.Table 1Precision medicine markers in urothelial cancer.Table 1MoleculeMode of actionClinical applicationReferenceVEGFAngiogenesisAdvanced urothelial cancer[@bb0030]ET-1VasoconstrictionNeoadjuvant chemotherapy[@bb0005], [@bb0055]Gene models (e.g. 20 gene-model)MultipleMolecular nodal staging of urothelial cancer[@bb0235]CAIXHypoxiaMuscle invasive and metastatic urothelial cancer[@bb0070], [@bb0125]p53Tumor suppressorPrognosis and response biomarker[@bb0090], [@bb0330]RTK-MAPK pathwaysGene translation\
Gene transcriptionPrognosis and response biomarker[@bb0150]PI3K-Akt-mTOR pathwayGene translation\
Gene transcriptionPrognosis and response biomarker[@bb0150]DNA ploidyGene translation\
Gene transcriptionPrognosis biomarker[@bb0350], [@bb0060]Wnt clusterGene translation\
Gene transcriptionPrognosis and response biomarker[@bb0140], [@bb0180], [@bb0250], [@bb0175], [@bb0160], [@bb0205]FGF clusterGene translation\
Gene transcriptionNon-muscle/muscle invasive and metastatic urothelial cancer[@bb0140], [@bb0180], [@bb0250], [@bb0175], [@bb0330]HER2Gene translation\
Gene transcriptionTheranostics[@bb0350], [@bb0060]

2.1. Vascular Endothelial Growth Factor (VEGF) {#s0015}
----------------------------------------------

Even though preclinical findings have indicated that the VEGF axis is important in urothelial carcinoma (reviewed in [@bb0110]), there has been little clinical investigation of vascular inhibition in urothelial cancer patients ([@bb0125]). The use of tyrosine kinase (TKI) inhibitors of the VEGF receptor has not been associated with considerable efficacy in relapsed bladder cancer, although occasional responses have been reported. In 2011, the Hoosier Oncology Group published a single-arm, phase II study of a 21-day cisplatin-gemcitabine regimen (including bevacizumab) in patients with advanced urothelial carcinoma ([@bb0150]) and reported an overall radiographic response rate of 72% (19% were complete responses), with a median overall survival of 19.1 months. Such findings are promising, as overall survival has been in the range of 14 to 18 months with chemotherapy only in historical series ([@bb0095]). Based on this data, the Cancer and Leukemia Group B is now sponsoring a randomized, phase III study of this regimen in patients suffering from advanced urothelial carcinoma (Clinical trials. Gov identifier: [NCT00942331](ctgov:NCT00942331){#ir0005}). In the second line setting, chemotherapy plus Ramucirumab (vascular endothelial growth factor receptor 2 antibody) versus chemotherapy alone is also investigated in a Phase III trial. Chemotherapy plus Ramucirumab showed positive results in a Phase II study ([@bb0275]). The prognostic significance of the VEGF axis in urothelial cancer has been well supported, in particular when VEGFA is considered, as the latter has been identified as a major independent prognostic marker following a large-scale real-time reverse transcription-PCR strategy ([@bb0285]). Several molecular pathways have been studied toward the understanding of disease mechanisms in urothelial cancer and there has been significant datasets implicating angiogenesis as a key pathway that may serve theranostics and optimum patient stratification (reviewed in [@bb0240]).

2.2. ET-1 {#s0020}
---------

Endothelin-1 (ET-1) and its receptor play a key role in lung metastasis in patients with urothelial cancer, which seems to depend on lung macrophage activity. At the same time, the expression levels of ET-1 correlate positively with muscle invasion in urothelial cancer. A negative correlation of ET-1 expression levels with disease-specific survival has been reported ([@bb0315]). Findings reporting the pharmacologic inhibition of the ET-1 axis and the prevention of metastases to the lung, having a minor impact on the established primary or metastatic tumors, suggest that ET-1 receptor inhibitors will be most effective in the adjuvant therapy ([@bb0095]). Thus, ET-1 receptor inhibitors look promising for urothelial cancer, considering their availability and tolerability. Furthermore, molecular alterations of the endothelin axis have been determined in invasive urothelial cancer and compared to other prognostic markers, such as kinase inhibitor 67 (Ki-67), tumor protein 53 (TP53) and fibroblast growth factor receptor 3 (FGFR3). The lack of ET-1 expression has been defined as an independent negative prognostic factor for the overall-survival probability of patients with urothelial cancer, while the lack of endothelin A receptor may serve as an independent negative biomarker for recurrence-free survival ([@bb0080]).

2.3. Gene Models {#s0025}
----------------

Most patients treated with peri-operative (neoadjuvant or adjuvant) chemotherapy will not benefit from it, while toxicity from this modality is noteworthy. For this, a robust prognostic tool is required to guide the use of chemotherapy in those likely to benefit. In addition, a predictive test to select the most appropriate chemotherapeutic regimen is desirable. Smith et al. developed and validated a 20-gene model toward the molecular nodal staging of urothelial cancer ([@bb0325]). This 20-gene expression model resulted in a relative risk (RR) for the discovery of lymph node metastases equal to 1.74 in the designated 'high-risk' group, when compared to an RR of 0.70 in 'low-risk' patients. Data were independent of stage and lymphovascular invasion. This algorithm may allow the identification of patients at high risk of node-positive disease that will gain benefit if they undergo peri-operative chemotherapy. Another study aimed to identify and validate prognostic urothelial cancer biomarkers via whole-exome sequencing of paired tumoral and peripheral blood samples ([@bb0140]). Among the already known mutations (in *TP53*, *RB1* and *HRAS*) and the novel ones that were obtained, chromatin remodeling genes (such as *UTX*) were frequently mutated.

Urothelial cancer exhibits such complexity and heterogeneity so that data validation and reproducibility becomes of paramount importance ([@bb0180]). The Cancer Genome Atlas project performed integrative analyses on urothelial cancer specimens, including whole-exome and whole-genome sequencing, mRNA- and miRNA- sequencing as well as total and phosphorylated protein expression studies to provide a more comprehensive picture of the complex molecular landscape underlying disease development and progression; alterations in the PI3K-Akt-mTOR pathway were seen in 42% of cases, while 45% of cases had an alteration in RTK-MAPK pathways. Potentially actionable alterations were found in 69% of tumors analyzed ([@bb0250]). The new urothelial cancer classifications ([@bb0055]) currently hold tremendous promise to revolutionize disease management, as they allow us to classify urothelial cancer in molecularly and clinically distinct subtypes ([Table 2](#t0010){ref-type="table"}).Table 2Urothelial cancer molecularly and clinically distinct subtypes.Table 2BasalLuminalp53-likeReferenceBASE47 validation as a subtype predictor of basal vs. luminal subtypes *(UPK2, SCNN1B, PPARG, TOX3, GATA3, HMGCS2, RAB15, AHNAK2, ADIRF, SEMA5A, CHST15, TRAK1, SCNN1G, MT1X, TMPRSS2, VGLL1, TBX2, UPK1A, GAREM, BHMT, SPINK1, GPD1L, RNF128, CYP2J2, EMP3, GDPD3, FBP1, MSN, MT2A, CDK6, ALOX5AP, PRRX1, SLC27A2, TMEM97, CD14, PLEKHG6, CYP4B1, GLIPR1, PDGFC, PRKCDBP, FAP, CAPN5, PALLD, TUBB6, SLC9A2, PPFIBP2, FAM174B)*[@bb0055]Signature biomarkers for basal breast cancer; *CD44, KRT5, KRT6, KRT14, CDH3*Signature biomarkers for luminal breast cancer; *CD24, FOXA1, GATA3, ERBB2, ERBB3, XBP1, KRT20*An activated wild-type p53 gene expression signature plus luminal biomarkers[@bb0050]High EGFR (and its ligands) expressionHigh FGF3 expressionExpression of "mesenchymal" markers *(TWIST1/2, SNAI2, ZEB2, VIM)*Expression of "epithelial" markers *(E-cadherin/CDH1, members of the miR-200 family)*p63 activationFeatures of active PPARgamma and estrogen receptor transcriptionConsistently resistant to neoadjuvant MVAC chemotherapySquamous differentiation, sarcomatoid featuresEnriched with activating FGFR3 mutationsMore aggressive metastatic disease at presentationPotentially FGFR inhibitor sensitivityShorter overall survival, shorter disease specific survival

2.4. CAIX {#s0030}
---------

Hypoxia is a major phenomenon in urothelial cancer and particularly, muscle invasive and metastatic urothelial cancers ([@bb0175]). Thus, current research efforts focus on carbonic anhydrase IX (CAIX), which is absent in normal urothelial tissue, yet CAIX expression is reported in more than 70% of urothelial carcinomas and according to immunohistochemical studies, correlates well with hypoxia, being a promising urinary biomarker ([@bb0230]). Furthermore, CAIX expression in urothelial cancer was shown to be extensively widespread, when compared to the expression levels of other hypoxic factors and highly concentrated in necrotic in muscle invasive urothelial cancers (or their metastases) ([@bb0160]). CAIX was also highly expressed in non-invasive versus invasive tumors, in low-grade versus high-grade urothelial cancer, and in metastases versus the corresponding primary tumor. In non-muscle invasive carcinoma patients treated by transurethral resection, high CAIX expression levels were associated with poorer recurrence­free survival and higher risk of progression. Similarly, CAIX was overexpressed in patients who underwent cystectomy and correlated with worse overall survival ([@bb0205]). CAIX, alone or coupled to chemotherapeutic drugs, could be an optimal therapeutic target for urothelial cancer both as an instillation therapy and a systemic treatment.

2.5. p53 {#s0035}
--------

Several retrospective studies have supported that p53 is a biomarker of prognosis and response to cytotoxic chemotherapy in urothelial cancer (reviewed in [@bb0090]). This led to one of the few molecularly-driven, randomized phase III trials in oncology, during which 521 patients from 39 institutions were recruited between August 1997 and January 2006 ([@bb0330]). Eligible patients (*n* = 499) with pT1/T2N0M0 urothelial cancer underwent p53 assessment by immunohistochemistry. 272 patients (55%) were positive, while 114 (42%) were randomly assigned. The primary study objective was the comparison of recurrence in patients with p53-positive tumors randomly assigned to MVAC (arm 1) versus observation (arm 2); the secondary objective was to compare recurrence in patients with p53- positive (arms 1 and 2, and group 4) versus p53-negative tumors (group 3). Regardless of p53 status, the 5-year rate of recurrence was 20%, while p53-positive patients randomized to chemotherapy had a recurrence rate similar to that of p53-positive patients who did not undergo chemotherapy.

2.6. DNA Ploidy {#s0040}
---------------

DNA ploidy serves as a useful prognostic biomarker in urothelial cancer reporting that DNA ploidy correlated well with prognosis in patients with superficial urothelial cancer (reviewed in [@bb0350]), even though its prognostic significance remains controversial in the case of muscle invasive urothelial cancer. It is true that outcomes are difficult to evaluate, if patients have received radiotherapy or neoadjuvant chemotherapy or were entered into urothelial preservation protocols. Deliveliotis et al. carried out a retrospective study to determine the prognostic value of DNA ploidy in urothelial cancer patients undergoing cystectomy without any additional treatment. According to their findings, DNA ploidy may provide prognostic information on patients with muscle invasive urothelial carcinoma and thus, facilitate patient stratification for postoperative management ([@bb0060]).

2.7. PD-1/PD-L1 and Mutational Load {#s0045}
-----------------------------------

Treatment landscape has significantly changed the last two years with the approval of immunotherapeutic agents for patients with metastatic urothelial cancer. Currently three anti-PD-L1 antibodies -- namely atezolizumab, durvalumab and avelumab -- and two anti-PD1 antibodies (nivolumab and pembrolizumab) have received regulatory approval for use in bladder cancer. However, these agents yielded responses in 15% and 20% of patients ([@bb0030]), underlying the unmet need to guide treatment selection based on predictive biomarkers. Immunohistochemical PD-L1 expression levels in tumor samples is considered a promising biomarker and has been clinically validated in non-small cell lung carcinomas ([@bb0300]). However, none of the above referenced trials for bladder cancer selected patients based on this biomarker, despite both IMvigor210 and CheckMate275 trials collectively suggest that it may be of prognostic importance. In addition, mutational load emerges as a significant predictive biomarker in metastatic urothelial cancer, since the approval of immunotherapeutic agents. It has long been hypothesized that the efficacy of immunotherapy is correlated with the mutational load of the tumor ([@bb0220]). Recognition of neoantigens is an important component of cancer immunotherapy and despite that immune response may be directed by specific mutations, mutational load remains a surrogate marker of neoantigen formation ([@bb0320]). ImVigor 210 trial provided confirmatory evidence, since response to anti-PD-L1 antibody Atezolizumab was correlated to the mutational load ([@bb0310]).

2.8. WNT and FGF Gene Clusters {#s0050}
------------------------------

Wnt and fibroblast growth factor (FGF) signaling is crucial in cancer pathobiology on their own or via their crosstalk with other key cancer pathways ([@bb0280]). Interestingly, down-regulation of lncRNA CASC2 was found to promote cell proliferation and metastasis of urothelial cancer via the activation of the Wnt/β-catenin signaling pathway, implying that lncRNA CASC2 is fundamental in urothelial tumorigenesis and disease progression and hence, may be considered as a disease biomarker ([@bb0265]). Moreover, miR-144 downregulation increases urothelial cancer cell proliferation via EZH2 and Wnt signaling regulation ([@bb0145]). WNT signaling pathway was reported to regulate urothelial cancer metastasis through activation of matrix metallopeptidase 9, upon a thorough exploration at the genomic and proteomic level ([@bb0075]). When adenomatous polyposis coli (APC) mutations were investigated alongside with beta-catenin expression and molecular interactions with proliferation, apoptosis, and angiogenesis markers in invasive urothelial cancer patients, APC mutations and/or the aberrant expression of beta-catenin were associated with worse clinical outcomes ([@bb0185]).

Fibroblast growth factor receptor-3 (FGFR3) was long thought as a promising urothelial cancer biomarker, as FGFR3 signaling is modified in many urothelial cancer patients and *FGF3* mutations are prevalent in 74% of non-invasive papillary tumors ([@bb0305]). Guancial and coworkers used multiple platforms and approaches (such as immunohistochemistry, NanoString nCounter™, OncoMap or Affymetrix OncoScan™ array, and Gain and Loss of Analysis of DNA and Genomic Identification of Significant Targets in Cancer software) to investigate the prevalence of FGFR3 protein expression and *FGFR3* mutation status in muscle-invasive disease ([@bb0135]). This study was based on the observation that *FGFR3* is often mutated or overexpressed in nonmuscle-invasive urothelial carcinoma. The study of Guancial and coworkers reported that *FGFR3* mutations were observed in 2% of primary and 9% of secondary tumors, although FGFR3 immunohistochemistry staining was present in 29% of primary and 49% of secondary tumors, yet, with no effect on overall survival (*P* = .89, primary tumors; *P* = .78, metastases). Notably, FGFR-targeted therapeutic strategies remain of primary interest, especially as orally administered pan-FGFR tyrosine kinase inhibitors (such as JNJ-42756493) are accompanied by promising results in the clinic ([@bb0340]).

2.9. HER2 {#s0055}
---------

HER2 is overexpressed in urothelial cancers ([@bb0130]). Yan et al. assessed 37,992 patient samples for HER2 expression (±amplification) in a single laboratory setting employing several methodologies (immunohistochemistry, fluorescent in situ hybridization, and chromogenic in situ hybridization). Urothelial carcinomas showed HER2 positivity rates of 12.4% ([@bb0360]). HER2 overexpression or amplification in the primary tumor did not predict overall survival in patients with metastatic urothelial carcinoma, when primary tumors from two patient cohorts from Spain and Greece, treated with platinum-based chemotherapy were evaluated. HER2 positivity rates vary among populations, therefore, further studies in genomically screened patients are required to evaluate HER2-targeted therapeutic outcomes ([@bb0025]). No doubt, targeting radio-nuclides to the extracellular domain of HER2 is a charming possibility toward radio-nuclide delivery for whole-body receptor-analysis, dosimetry, and therapy ([@bb0045]). In this context, targeting HER2 with an antibody cytotoxic drug conjugate (T-DM1) has been found to be effective in HER2 over expressing urothelial cancer ([@bb0155]).

3. Imaging, Diagnosis and Treatment {#s0060}
===================================

In 2011, the European Society of Radiology published its first paper on precision medicine, focusing on medical imaging in early diagnosis as well as tailored-made disease management ([@bb0295]). In cancer, molecular imaging have been applied and may still serve to identify new targets, design agents against molecular targets and visualize their delivery, monitor patient response to treatment and/or minimize collateral damage to normal tissue ([@bb0270]). Theranostic imaging, evolving from molecular imaging, aims to couple diagnosis to therapy via imaging modalities. Such a theranostic system will better address the complexity of tumor biology and empower disease management and patient stratification.

Tumor heterogeneity or the phenotypic dedifferentiation of tumor metastases escapes from molecular theranostics that are based on in vitro testing of small tumor samples. Moreover, a single therapeutic strategy may lead to a mixed tumor response in a patient with metastases of differing biology ([@bb0170]). Being unable to biopsy each and every lesion, molecular imaging is fundamental to optimally tailor treatment that relies on inter-individual tumor biology. By using molecular imaging biomarkers, we may begin to appreciate the heterogeneity of metastatic disease not only among patients, but even within the same lesion. Imaging theranostics are anticipated to provide a unique signature (i) for better-informed tumor staging, (ii) to portray the biodistribution of the target to predict such biodistribution of the radiation dose and (iii) to individually monitor treatment efficacy with the same moiety used to target and treat the disease ([@bb0035]).

Ideally, theranostic imaging demands the delivery of a therapeutic cargo to cancer-specific targets that can be noninvasively imaged. Receptors and antigens provide the most straightforward targets and are being exploited for non-invasive imaging. An indicative example refers to the human epidermal growth factor receptor (Her-2), and the use of Trastuzumab ([@bb0215]). Intense efforts also focus on cancer metabolism (in particular, aberrant glucose and choline metabolism), angiogenesis, inflammation, the tumor microenvironment or stromal cell receptors for tumor specific delivery in the context of image-guided targeted molecular medicine ([@bb0120]). Hypoxia, acidic extracellular pH, and substrate deprivation are also fundamental when the tumor microenvironment is considered. The latter has been increasingly exploited for theranostic imaging ([@bb0335]).

Nowadays, magnetic resonance imaging/spectroscopy (MRI/S), positron emission tomography (PET), single photon emission computerized tomography (SPECT), as well as optical imaging, that is increasingly being explored for intra-operative imaging, are bench-to-bedside imaging modalities available for theranostic imaging. On the basis of such imaging modalities, various nanoplatforms (liposomes, nanoparticles, micelles, viral vectors) are decorated with imaging reporters and therapeutic cargos (radiation, chemotherapy, photodynamic therapy, cDNA, siRNA) ([@bb0355]). Clinical benefit is anticipated, as new biomarkers that image cell proliferation, apoptosis, angiogenesis, hypoxia, and growth factor receptors are actively explored to achieve optimum clinical management ([@bb0260]). Indeed, radioconjugates may be almost identical to imaging probes, yet being modified forms of imaging biomolecules with therapeutic radionuclides, allowing for imaging theranostic applications. Despite chemotherapy, peptide receptor radiation therapy (a targeted radionuclide therapeutic approach) requires extensively low mass amounts of the targeting compound, as it relies on site-specific accumulation, preferentially because of receptor-mediated endocytosis and intracellular retention of radiolabeled peptides ([@bb0375]). 90Y-rituximab and 131I-tositumomab are examples of radiolabeled antibodies for cancer treatment during radioimmunotherapy, which serve as imaging theranostics ([@bb0375]). Indicatively, metaiodobenzylguanidine (MIBG), a norepinephrine analogue, conjugated to 131I is not only used for diagnostic purposes, but it is also available for targeted therapy against neuro-endocrine tumors in adults and neuroblastoma in pediatric patients ([@bb0290]). Medium-energy beta-emitters (131I, 177Lu) are more effective against small tumors, whereas isotopes emitting high-energy beta-radiation (90Y) are a better alternative, in the case of larger tumors ([@bb0035]). Somatostatin peptide analogues are used in both imaging and radionuclide-based therapy for endocrine tumors ([@bb0085]). Imaging theranostics in urothelial cancer are still to be defined.

Potential efficacy is not the only appealing feature of imaging theranostics, when considering that their therapeutic effect is based on the ionization radiation of the radionuclide and notably, the therapeutically effective radiation dose is determined by the physical characteristics of the radionuclide. We suggest that imaging theranostics are advantageous when toxicity is an issue, allowing for the careful assessment of biodistribution and dosimetry per patient. In such a context, radiomics can be a powerful asset ([@bb0115]) that can be further empowered by multi-omics strategies and/or information technologies ([@bb0195]; [@bb0345]) ([Fig. 1](#f0005){ref-type="fig"}). Zhang et al. employed radiomics to assess urothelial cancer grade using texture features from diffusion-weighted imaging and apparent diffusion coefficient maps ([@bb0365]), while Luo et al. merged radiomics data from CBCT and CT for simultaneous radiomics analysis ([@bb0225]).Fig. 1Moving from molecular theranostics to a new age of imaging theranostics. A, current theranostics aim for tailored-made diagnostics and therapeutics, yet inter-individual variability still hampers optimum disease management. B, radiomics coupled to multi-omics strategies and information technologies are envisaged as the new age of imaging theranostics delineating genotype-to-phenotype associations as well as environmental influences (diet, polypharmacy).Fig. 1

4. Conclusions {#s0065}
==============

Current knowledge on molecular theranostics in urothelial cancer is still evolving. Our review suggests that, in spite of the currently limited use in everyday practice, available information could be exploited to design new or better diagnostic and therapeutic strategies for urothelial cancer.

With the vision of precision medicine in complex clinical phenotypes, such as urothelial cancer, molecular theranostics is currently in its infancy. Significant efforts are still required to advance current means and technologies toward the classification of urothelial cancers into subtypes on the basis of individual genetic and molecular aberrations. Moreover, robust diagnostics should be developed for the in-depth characterization of each individual tumor. Individualized genome sequencing, micro­RNAs, the levels and type of organ­specific proteins, and circulating cells are some moieties, which have been investigated and are still explored. Even though cancer cell receptors and antigens present the most facile targets for theranostics, we envisage imaging and targeting stromal compartments, cancer stem cells and permissive (or preventive) microenvironmental cancer cell niches.

We suggest that this is the time to move from molecular to imaging theranostics, if tailored-made disease management and patient stratification is envisaged in urothelial cancer. Transforming limitations to opportunities, imaging theranostics may be empowered by imaging coupled to multi-omics strategies, such as radiomics coupled to (pharmaco)metabolomics and/or information technologies to address inter-individual variability and disease heterogeneity.

5. Outstanding Questions {#s0070}
========================

Herein, we claim this is the time to implement technological advances and new working practices to turn information growth into knowledge growth and hence, better informed decisions. Urothelial cancer serves as a paradigm, especially if inter- and intra-variability as well as tumor heterogeneity among urothelial cancer patients are considered. Experiencing the era of big data, voluminous datasets, if integrated, curated, shared and validated can be of extreme benefit to advance clinical care and health care policies. Can imaging theranostics be a cancer road map? Can multi-omics strategies prove their clinical utility and cost-effectiveness?

6. Search Strategy and Selection Criteria {#s0075}
=========================================

Data for this review were identified by searches of PubMed and Scopus databases of peer-reviewed literature using MeSH and search terms that relate to the topic. Only articles published in English between 1987 and 2017 were included. Our search strategy has been further supported by data and text mining.

Authors\' Contributions {#s0080}
=======================

TK, DK and AB conceived and designed the study. TK, ML, GPP, AB and DK drafted the manuscript. Literature search has been performed by TK and ML. Data and text mining has been performed by TK.

Competing Interests {#s0085}
===================

All authors declare no conflict of interest. The views expressed in this article do not express the views of the European Medicines Agency.

Funding {#s0090}
=======

Most of our own work has been supported by funds from the European Commission grants (GEN2PHEN FP7-200754, RD-Connect FP7-305444 and UPGx H2020-668353) to GPP. None of the funding sources had any involvement in the study design; in the collection, analysis and interpretation of data; in the writing of the report; and in the decision to submit the article for publication.
